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Abstract: The metal-to-ligand charge transfer (MLCT) transition of [Ru(bpy)3]
2+
 was investigated 18 
using Stark absorption spectroscopy, where bpy is the abbreviation of 2,2’-bipyridyl ligand. The 19 
magnitude and direction of the photoinduced intramolecular charge transfer were precisely 20 
determined for the 
1




MLCT absorption band of [Ru(bpy)3]
2+
, 21 
observed in the 18,000―30,000 cm-1 spectral region, is composed of several sub-bands that can be 22 
approximated with Gaussian profiles. In particular, three distinct major 
1
MLCT bands of 23 
[Ru(bpy)3]
2+
 (g4, 21272 cm
-1
; g5, 22026 cm
-1
; g7, 23448 cm
-1
) could be distinguished by the 24 
direction of the charge transfer of each transition. The experimentally determined directions of 25 
charge transfer showed good agreement with the theoretical prediction by Kober and Meyer. We also 26 
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MLCT excited 1 
states of the g5 and g7 bands almost completely transform to 
3
MLCT excited states, and then 40% of 2 
the 
3
MLCT state relaxes to the ground state by emitting phosphorescence. 46% of 
1
MLCT excited 3 
state of the g4 band non-radiatively relaxes to the ground state. These results provide good support 4 
for the assignment of the different origins of the g4 and other two Gaussian sub-bands (g5 and g7). 5 
 6 
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1. Introduction 11 
Using solar energy to generate clean, renewable electricity is becoming increasingly 12 
important in the drive to minimize the use of fossil fuels. In the conventional solar cell, the 13 
photoelectric conversion is achieved using a p-n junction of the semi-conductor devices [1]. On the 14 
other hand, dye-sensitized solar cells (DSSCs), which were originally invented and subsequently 15 
improved by Grätzel, utilize charge-separation induced by the internal electron transfer from 16 
sensitizer dye molecules [2]. Even though many different dyes have been tested, ruthenium (Ru) 17 
complexes are widely still being investigated as a dye molecule due to the excellent properties and 18 
stabilities [3]. This is because when Ru complexes are illuminated metal-to-ligand charge transfer 19 
(MLCT) transition states are generated that can readily go on to form Ru oxidation states up to +3, 20 
which can be injected into semiconductors. As an advantageous feature of a combination of a Ru 21 
complex as a photosensitizer and TiO2 as a semiconductor, the electron injection process for DSSCs 22 
performance is unusually fast (as fast as 20 fs) [4, 5] in terms of Marcus theory [6]. The key roles of 23 
these MLCT states of [Ru(bpy)3]
2+
 (Figure 1) have, therefore, attracted significant attention over the 24 
past two decades in order to understand their exact photochemical properties [7]. 25 
However, in spite of the importance of these MLCT states in the generation of charge 26 
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separation in DSSCs, quantitative discussions of these states have been restricted to a few examples 1 
[8−15]. Stark absorption spectroscopy, for example, was applied by Boxer and coworkers as one of 2 
the methods for the determination of the change in dipole moment, Δµ, of the charge transfer in 3 
transition metal complexes [8]. These authors discussed the magnitude of Δµ and the distance of the 4 
charge transfer from the Ru center to the bpy ligand. In contrast, there have been a significant 5 
number of theoretical studies. As reported by Kobar, three major MLCT transition bands of 6 
[Ru(bpy)3]
2+
 were theoretically assigned to 
1
E (e (dπ) → e (π*)), 1E (a1 (dπ) → e (π*)), and 
1
E (e (dπ) 7 
→ a2 (π*)) [9, 10]. The transition dipole moment of 
1
E (e (dπ) → e (π*)) is predominated by the 8 
second term, the transfer term, in eq. (18) (see Theory section), since the dπ and π* orbitals have the 9 
same symmetry. Therefore, the direction of the transition dipole moment of 
1
E (e (dπ) → e (π*)) and 10 
that of the charge transfer are parallel to each other. On the other hand, 
1
E (a1 (dπ) → e (π*)) is a 11 
forbidden transition based on the molecular orbital symmetry. However, the magnitude of the 12 
transition dipole moment does not become zero because this transition can borrow intensity from the 13 
intra-ligand allowed transition, a1 (π) → e (π*), which corresponds to the third term in eq. (18) (see 14 
Theory section). Similarly 
1
E (e (dπ) → a2 (π*)) can be regarded as the vacant inter-orbital transition 15 
(
1
E (e (π*) → a2 (π*))) that reflects the reverse donation of e (dπ) → e (π*), and its transition dipole 16 
moment is governed by the fourth term in eq. (18) (see Theory section). Therefore, the directions of 17 
the transition dipole moments of the 
1
E (a1 (dπ) → e (π*)) and 
1
E (e (π*) → a2 (π*)) transitions are 18 
different from that of the charge-transfer. The above theoretical assignment of the MLCT transitions 19 
of [Ru(bpy)3]
2+
 has often been referred to in order to interpret the experimental data. From these 20 
theoretical predictions, it is important to determine the directions of charge transfer experimentally in 21 
order to test the validity of the theoretical assignments. Boxer and coworkers already determined the 22 
magnitude of Δµ by using Stark absorption spectroscopy. However, they did not precisely discuss the 23 
charge-transfer direction, although this particular method can also be applicable to determine the 24 
direction of the charge transfer transition. In this present study, the directions of the MLCT 25 
transitions of [Ru(bpy)3]
2+
 have been determined by Stark absorption spectroscopy in addition to the 26 
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reinvestigation of the magnitude of Δµ, and in doing this, the validity of the theoretical MO model 1 
reported by Kobar has been experimentally addressed for the first time. 2 
 3 
2. Materials and methods 4 
2.1 Synthesis of a Ru complex 5 
   Tris(2,2’-bipyridyl)ruthenium(II) chloride hexahydrate, [Ru(bpy)3]Cl2·6H2O was prepared as 6 
described in the literature [16]. The purity of the complex was confirmed from the UV-vis absorption 7 
spectrum in water and by 
1
H NMR spectrum in D2O.  8 
 9 
2.2 Preparation of sample cells for Stark absorption measurements 10 
   Aqueous solutions of polyvinyl alcohol (PVA) polymer and [Ru(bpy)3]Cl2·6H2O were prepared 11 
by the following method, respectively. PVA polymer (200 mg, PVA-217, Kuraray Co., Ltd) was 12 
dissolved in 2.0 mL of distilled water. The concentration of the solution of the Ru complex was set at 13 
an optical density of ca. 30 at its absorption maximum. The polymer and the complex solutions were 14 
then mixed in 50:50 (v/v) ratio. The sample cells for Stark absorption measurements were prepared 15 
by dropping this mixture on top of an interdigitated array of electrodes, separated by 50 m gaps, 16 
which were made by vacuum deposition of aluminum on a cleaned glass substrate.  17 
 18 
2.3 UV-vis absorption and photoluminescence measurements 19 
   Steady-state UV-vis absorption spectra were recorded on JASCO V-570 spectrophotometer at 20 
room temperature. Steady-state photoluminescence and photoluminescence excitation spectra were 21 
recorded on JASCO FP-6600 spectrofluorometer. The optical response of the fluorometer was 22 
calibrated using a standard lamp.   23 
 24 
2.4 Stark absorption measurements 25 
   The details of the set-up for Stark absorption measurements have already been reported [17−20]. 26 
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The electrodes on the Stark sample cell were connected with copper wires using electric conductive 1 
paste (Dotite). These copper wires were then connected to the output of a bipolar power amplifier 2 
(NF, 4305). A sinusoidal voltage of 500 Hz frequency was generated using a function generator (NF, 3 
E-1201A). The output voltage of the function generator was then amplified using the bipolar 4 
amplifier to 200 V. The light source used for Stark absorption measurements was a 150 W Xenon arc 5 
lamp (Hamamatsu, L2274) for the 325–625 nm wavelength range. The monochromatic light was 6 
obtained by dispersing the white light source using a monochromator (Acton Research, SpectraPro 7 
150). The monochromatic light was then linearly polarized using a Glan-Thompson prism. The angle 8 
between the linear polarization of light and the electric field applied to the sample was controlled by 9 
rotating the Glan-Thompson prism. The light transmitted through the Stark cell was detected using a 10 
silicon photodiode (Hamamatsu, S1336-8BQ). The direct current (DC) component of the intensity of 11 
transmitted light was recorded by using a digital multi-meter (Fluke, 45), while that of the second 12 
harmonic of the alternating current (AC) component was selectively amplified using a dual phase 13 
lock-in amplifier (NF, 5610B). The Stark absorption spectra were calculated using these components 14 







 log   (1),  16 
where IF is the intensity of the transmitted light without the application of the external electric field 17 
(the DC component), and ΔI is the change of the intensity of the transmitted light with the 18 
application of the external electric field (the AC component). All measurements were performed at 19 
78 K using a liquid nitrogen cryostat (Oxford, Optistat DN). 20 
 21 
3. Calculation 22 
3.1 Analysis of Stark absorption spectra 23 
The Stark absorption spectra were analyzed based on the theory developed by Liptay [21−25]. When 24 
a molecule is in isotropic environment, the Stark absorption spectrum can be described by the 25 
following equations.  26 
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) ⋅ 𝚫𝛍 
(9), 
𝐻 = |𝚫𝛍|2 (10), 
𝐼 = 3(𝐦 ⋅ 𝚫𝛍)2 − |𝚫𝛍|2 (11). 
 3 
Where ν is the frequency of the incident light, c is the speed of light in vacuum, h is the Planck’s 4 
constant, f is the local-field correction factor, E is the externally applied field, M is the transition 5 
dipole moment, m is the unit vector for the transition dipole moment, X is the tensor of the transition 6 
dipole-moment polarizability, Y is the tensor of transition dipole-moment hyperpolarizability, Δα is 7 
the change in polarizability upon photoexcitation, and Δµ is the change in static dipole-moment upon 8 
photoexcitation. Vector and tensor components are denoted with boldface characters. Matrix 9 
components of the M vector, and X and Y tensors are denoted with subscripts of i and j, being equal 10 
to x, y, or z axis of a molecule.  corresponds to the angle between linear polarization of incident 11 
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light and the direction of externally applied electric field. The coefficients Aχ, Bχ, and Cχ were 1 
obtained by the spectral fitting of the zero-th, first, and second derivative waveforms of the 2 
absorption spectrum to the observed Stark absorption spectra. When Aχ is negligible, Bχ and Cχ can 3 





𝑇𝑟(𝚫𝛂) + (3 cos2 𝜒 − 1) (
3
2
𝐦 ⋅ 𝚫𝛂 ⋅ 𝐦− 𝑇𝑟(𝚫𝛂)) 
(12), 
𝐶𝜒 ≈ 5|𝚫𝛍|
2 + (3 cos2 𝜒 − 1)(3(𝐦 ⋅ 𝚫𝛍)2 − |𝚫𝛍|2) (13). 
 6 
 7 
The values of Tr(Δα) and (
3
2
𝐦 ⋅ 𝚫𝛂 ⋅ 𝐦− 𝑇𝑟(𝚫𝛂)) as well as |Δµ| and (3(𝐦 ⋅ 𝚫𝛍)2 − |𝚫𝛍|2) can be 8 
calculated by fitting eqs. (12) and (13) to the -angular dependence data of B and C. Consequently, 9 
the angle between Δα and m as well as that between Δµ and m can be determined using following 10 
equations.  11 
 12 
𝐦 ⋅ 𝚫𝛂 ⋅ 𝐦
𝑇𝑟(𝚫𝛂)







4. Theory 14 
4.1 Transition dipole moment of MLCT described by the perturbation theory 15 
   In metal complexes exhibiting an MLCT absorption, the HOMO (φD) and LUMO (φA) states are 16 
regarded as being localized on the metal center and the ligand, respectively. However, these 17 











    (16), 19 
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where d, p and p* are, respectively, the d, p and unoccupied p orbitals of the metal center, and π and 1 
π* are, respectively, the occupied and unoccupied π orbitals of the ligands, and π’* is another 2 
unoccupied π orbital of the ligands that are not involved in MLCTs, and λa, λb, λc, λd, λe are coupling 3 
constants. 4 
   The transition dipole moment of a charge-transfer (CT) transition is defined as the integral  5 
DAGEGECT der  ˆˆ     (17), 6 
where ˆ  is the electric dipole moment operator. As shown in eq. (17), the transition dipole moment 7 
can be approximated as the integral of the molecular orbitals of the electron donor and the acceptor. 8 
Omitting terms of higher order, the transition dipole moment of the MLCT state, µMLCT, is 9 












  (18), 11 
where the first term is called the contact CT term and the second term the transfer term. Both of these 12 
terms represent a pure MLCT, while the transitions induced by the other terms are not pure MLCT. 13 
With regard to [Ru(bpy)3]
2+
, the contribution of the contact CT term to the MLCT transition can be 14 
ignored because the overlap of the molecular orbitals of the electron donor (d) and acceptor (*) is 15 
usually very small. On the other hand, the transfer term contains electron transfer from the d orbital 16 
of metal center to * orbital of the ligands, inducing the change in static dipole moment (Δµ) 17 
following the MLCT transition. Importantly, the direction of Δµ should be parallel to that of 18 
transition dipole moment in the transfer term. 19 
   When the symmetries of the d and π* orbitals are different, the coupling constant λa becomes 20 
zero. Then as a consequence the transfer term does not contribute at all to the MLCT transition. The 21 
transition dipole moment is due to the contact CT and the third to sixth terms in eq. (18). It should be 22 
noted that, in this case, the direction of the transition dipole moment induced by these terms is 23 




5. Results and Discussion 1 
The UV-vis absorption spectrum in the spectral region of the MLCT transition of 2 
[Ru(bpy)3]Cl2·6H2O is shown in Figure 2. The broad spectral feature is successfully reproduced by 3 
the deconvolution using 10 Gaussian profiles. The result of this spectral deconvolution is also shown 4 
in Figure 2. The peak energies and full-width at half maxima (FWHM) of these Gaussian profiles are 5 
summarized in Table 1. Although the absorption spectrum in the 16000–28000 cm-1 regime can be 6 
well fitted using 10 Gaussian profiles, we focused our attention on the bands denoted as g4, g5, and 7 
g7 as these three MLCT sub-bands have already been well discussed based on the theoretical 8 
calculation by Kobar [9].    9 
  The composite material of a Ru complex and TiO2 for DSSCs performs a very fast (as fast as 20 10 
fs) [4, 5] charge injection from the Ru complex to the conduction band of TiO2, which cannot be 11 
explained by Marcus theory [6]. We postulate that this very fast charge injection could occur directly 12 
from the Franc-Condon state of the 
1
MLCT transition. In this study, Stark spectroscopy was 13 
measured to demonstrate the validity of the assignment for MLCT bands denoted as g4, g5, and g7. 14 
Although Boxer’s report for the Stark spectroscopy of [Ru(bpy)3]
2+
 only described the magnitude of 15 
the charge transfer distances [8], we explore both the direction of the charge transfer as well as the 16 
reinvestigation of the magnitude of charge transfer distances. The Stark absorption spectra using 17 
three different polarization angles (χ = 0o, 54.7o, and 90o) are shown in Figure 3. The Stark spectra 18 
signals were observed only in the region of the g4 to g7 absorption bands, as only these bands have 19 
charge transfer character. Moreover, this experiment revealed that the charge transfer transitions are 20 
directed to only one bpy unit from the Ru center. Regarding the Cχ value in the Liptay equation, the 21 
dependence of the Cχ value on the polarization angles can be estimated in our technique (Figure 4). 22 
In addition, the angles between Δµ and the transition dipole moment, m, were calculated by the 23 
fitting of these Cχ values (Table 2).  24 
   The assignment of the MLCT band for [Ru(bpy)3]
2+
 has usually been considered by theoretical 25 
analysis such as in Kobar’s MO model. Using these theoretical arguments, the bands of g4, g5, and 26 
10 
 
g7 are assigned as follows. The g4 band can be assigned to a pure MLCT band, and it is 1 
predominated by the transfer term in Eq. (18) (
1
E (e (dπ) → e (π*)). As already shown in the 2 
introduction section, in the MLCT absorption that is contributed mainly by the transfer term, the 3 
directions of the transition dipole moment of 
1
E (e (dπ) → e (π*)) and that of the charge transfer are 4 
parallel to each other. The Δµ values (Table 2) represent the exited-state dipole moment because the 5 
D3 point group molecule does not have a permanent dipole moment. Therefore, θΔµ values (Table 2) 6 
correspond to the angles between the direction of the exited-state dipole moment and that of the 7 
transition dipole moment. The θΔµ value of the g4 band is nearly zero (3.4
o
), and this experimental 8 
result clearly demonstrates the validity of the assignment of the origin of g4 band based on the 9 
theoretical analysis by Kobar. The absorption bands of g5 and g7 can be assigned to 
1
E (a1 (dπ) → e 10 
(π*)) and 1E (e (dπ) → a2 (π*)), respectively, and are dominated by the third and the fourth terms in 11 
Eq. (18). Therefore, the direction of the transition dipole moment of these absorptions is expected to 12 
be different from those of the charge-transfer. It is interesting to note that both the g5 and g7 bands 13 




). These experimental results again demonstrate the 14 
validity of the theoretical analysis by Kobar.  15 
   Furthermore, the magnitude of the charge transfer distances has been reinvestigated in this paper. 16 
The distances of the charge separation were calculated using Δµ values and elementary charges 17 
(Table 3). These distances and angles are compared to the X-ray structure, which was reported by 18 
Yufa et al. (CCDC 879418) [26]. The chemical structure of [Ru(bpy)3]
2+
 and the selected bond 19 
lengths and angles are summarized in Figure 5. The red dotted line in Figure 5 shows the direction of 20 
the transition dipole moment for the 
1
MLCT transition at ca. 450 nm (22200 cm
-1
). The direction of 21 
charge transfer of the g4 absorption band is from the Ru center to the central part of two pyridine 22 
units. On the other hand, those of g5 and g7 absorption bands are from the Ru center to the central 23 
part of the meta and para positions of a pyridine unit and to the meta position of a pyridine unit, 24 
respectively. As for the charge transfer distance from the Ru center to the bpy ligand, the g4 25 
absorption band shows 40% of the distance between the Ru center and the central part of two 26 
11 
 
pyridine units. Those of g5 and g7 absorption bands are also about 30–40% of the distance between 1 
the Ru center and the central part of meta and para positions of a pyridine unit and meta position of a 2 
pyridine unit, respectively. In other words, the barycenter of charge deviates 30−40% from Ru center 3 
to the bpy ligand according to these 
1
MLCT transitions.  4 
   We have also considered the 
1
MLCT transition of the g4, g5, and g7 bands from the viewpoint of 5 
the photoluminescence and photoluminescence excitation spectra of [Ru(bpy)3]Cl2·6H2O in H2O. 6 
The photoluminescence of [Ru(bpy)3]Cl2·6H2O in H2O is observed at 16260 cm
-1
, and it is assigned 7 
to the emission from a triplet excited state, i.e. this photoluminescence is ascribed to 8 
phosphorescence. The quantum yields of the intersystem crossing and the phosphorescence are 9 
>90% and ca. 40%, respectively [27].
 
In other words, some minor components are relaxed directly 10 
from 
1
MLCT state to the ground state without showing intersystem crossing. For example, Chergui 11 
et al. have reported the femtosecond time-resolved fluorescence spectra of [Ru(bpy)3]
2+
, which is 12 
thought to be too fast as a radiative process [15]. The photoluminescence excitation spectrum of 13 
[Ru(bpy)3]Cl2·6H2O in H2O is shown in Figure 6, and comparison of the fractional absorbance (1 – 14 
Transmittance) and photoluminescence excitation spectra of [Ru(bpy)3]Cl2·6H2O in H2O show the 15 
coincidence of most of the peaks. However, spectral differences are evident in the region of g4 16 
absorption band. This can be more easily recognized by taking the difference spectrum of the 17 
normalized fractional absorbance and photoluminescence excitation. A clear peak that corresponds to 18 
the g4 band is observed at 20964 cm
-1
. This result can be interpreted as follows. 1) The 
1
MLCT 19 
excited states of the g5 and g7 bands almost completely transform to 
3
MLCT excited states, and then 20 
40% of the 
3
MLCT state relaxes to the ground state by emitting phosphorescence. 2) 46% of the 21 
1
MLCT excited state of the g4 band non-radiatively relaxes to the ground state. Namely, the results 22 
of photoluminescence measurements also support the idea of the different origin of g4 and the other 23 
two bands (g5 and g7).   24 
 25 
6. Conclusions 26 
12 
 




 can be described as 1 
the sum of various components by perturbation theory, the predominant component is the transfer 2 
term. On the other hand, the contact CT term can be ignored, and the third and the fourth terms are 3 
not pure MLCT because these transitions occur by borrowing the intensity from the allowed 4 
intra-ligand transitions. As the ultrafast light-induced electron injection to a conduction band of a 5 
semiconductor occurs from a Franck-Condon active state of 
1
MLCT [4, 5], the electron injection 6 
process might be dominated by the 
1
MLCT state produced by the g4 absorption band. Therefore, to 7 
accelerate this electron injection process, a molecule must be designed so as to have a large enough 8 
oscillator strength on the transfer term’s transition of the g4 band. Consequently, the directions of the 9 
charge transfer should be controlled depending on the proposed use of the chromophore molecules as 10 
sensitizers. The excitation energy dependence of the efficiency and rate of electron injection from 11 
ruthenium dye molecules to TiO2 has been well determined [5]. The Stark spectroscopy performed in 12 
this present study is a useful tool to disentangle the origin of the MLCT transitions, and will be 13 
indispensable for obtaining deeper insight into the electron injection process and the structural basis 14 
of MLCT transitions.  15 
 16 
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Figure 1.  Chemical structure of [Ru(bpy)3]
2+
. 6 










Figure 2. UV-vis absorption spectrum (–) of [Ru(bpy)3]Cl2·6H2O in H2O, and the results of the 8 
Gaussian curve-fitting (○). Each Gaussian component is drawn with dashed line. 9 
















. The results of spectral fittings are shown with green circles. 8 









Figure 4. Angular dependence of Cχ values of the g4, g5, and g7 bands. 7 








Figure 5. X-ray structural data overlaid on the partial chemical structure of [Ru(bpy)3]
2+
 [26]. 6 
Selected bond lengths (Å) and angles (
o






; d, 2.07 Å ; e, 4.26 Å ; f, 7 
2.92 Å; g, 2.82 Å ; h, 1.46 Å. The red dotted line shows the direction of transition dipole moment of 8 
1
MLCT transition. 9 










Figure 6. (a) Absorption spectrum (fractional absorbance, 1 – Transmittance), photoluminescence 8 
excitation spectrum recorded at 16260 cm
-1
 of [Ru(bpy)3]Cl2·6H2O in water. The difference 9 
spectrum between fractional absorbance and photoluminescence excitation was obtained after 10 
normalization at 22173 cm
-1
. (b) Emission spectrum of [Ru(bpy)3]Cl2·6H2O in water at room 11 
temperature (λex, 22222 cm
-1
). 12 




Table 1. The peak valuses (cm
-1
, up) and the full width at half maximum (FWHM) (cm
-1
, down) of 2 
Gaussian sub-bands obtained by the deconvolution of absorption spectrum of [Ru(bpy)3]Cl2·6H2O in 3 
water 4 
g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 
18174 19141 20448 21272 22026 22804 23448 25281 26570 27915 
904 1414 1698 1060 1226 614 1904 1724 1108 2532 
 5 
Table 2. The change in dipole moment (Δµ) and the angle between Δµ and m of g4, g5, and g7 6 
bands 7 
 g4 g5 g7 
│Δµ│ (D/f) 3.34 6.74 5.81 
θΔµ (
o
) 3.4 25.0 21.2 
 8 
Table 3. The Δµ values per electron and the distances of the charge separation induced by the 9 
transitions of g4, g5, and g7 bands 10 
 g4 g5 g7 
│Δµ│ (C·m/f×10-29)a 1.12 2.25 1.94 
Distances of 
the charge separation (Å)
b
 
0.70 1.40 1.21 
a




 elementary electric charge, 1.602×10
-19
 C. 11 
 12 
 13 
 14 
